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Several cellular molecules and components, speciﬁcally, cholesterol and lipid rafts have been described
as necessary elements for dengue virus entry and signaling in several human cells. Thus, changes in lipid
rafts formation and cholesterol levels were evaluated. Here we report that the amount of total cholesterol
and lipid rafts formation increase early after infection of Huh-7 cells. This augment correlates with an
increase in the amount of low density lipoprotein receptor (LDLr) on the surface of infected cells and also
with a lower phosphorylation level of the 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR). None of
the changes were observed in Huh 7 cells infected with VSV used as a control. These results suggest that
dengue virus infection increases intracellular cholesterol levels at early times post infection by triggering
the modulation of LDL particles uptake and the increase in the enzymatic activity of HMG-CoA reductase.
& 2013 Elsevier Inc. All rights reserved.Introduction
Dengue is the most important mosquito borne-viral disease for
humans. The infection with any of the 4 dengue virus (DENV)
serotypes can either be asymptomatic or manifest in two clinical
forms of increasing severity, known as dengue fever (DF) and
severe dengue (Gubler, 2002). DF is characterized by high degree
fever, headache, myalgia and arthralgia while severe dengue is
characterized by thrombocytopenia, increase in vascular perme-
ability and plasma leakage. In the most severe cases, circulatory
failure, shock and death can take place (Nimmannitya, 1987).
The DENV virion is a spherical particle of approximately 50 nm
in diameter, containing a nucleocapsid composed by the capsid
protein (C), associated to the single stranded RNA genome of
positive polarity. Two structural proteins, the envelope (E) and
membrane proteins (prM in immature virions and M in mature
virions), are inserted in the lipid membrane that surrounds the
nucleocapsid (Kuhn et al., 2002; Yu et al., 2008). The viral binding
to the cellular receptor molecules on the surface of the target cell
is the ﬁrst step in DENV infection (Hidari and Suzuki, 2011). Thisll rights reserved.
ca y Patogénesis Molecular,
del IPN, Av. IPN 2508. Col.
. Fax: +5255 5747 7107.interaction induces virion internalization by receptor-mediated
endocytosis and subsequent fusion of the viral and endosomal
membranes (Acosta et al., 2008; Krishnan et al., 2007; Mosso et al.,
2008). The viral RNA acts as mRNA for the translation of viral
proteins. During viral replication, the proliferation of membrane
structures that provide a membrane-bounded microenvironment
required for RNA synthesis and viral morphogenesis has been
described (Welsch et al., 2009). Genome replication occurs in two
steps, ﬁrst the positive polarity RNA is copied to RNA of negative
polarity, which serves as a template for positive polarity RNA
synthesis. The newly synthesized positive polarity RNA associates
with C, E and prM to form the immature virions, which travel in
vesicles to the Golgi apparatus where prM is cleaved by furin
protease to generate mature virions, and through secretory vesi-
cles outside the cell (Mukhopadhyay et al., 2005; Stiasny and
Heinz, 2006).
During viral entry, RNA replication and morphogenesis, the
participation of several cellular organelles and molecules, such
as proteins and lipids, have been demonstrated. Speciﬁcally, the
participation of lipids has been well documented. For example,
during DENV entry, one important step is the fusion process
between viral and endosomal membranes. This process, mediated
by the fusion loop of the E protein, requires that the target
membrane contain anionic lipids such as bis (monoacylglycerol)
phosphate and phosphatidylserine (Zaitseva et al., 2010) Furthermore,
during DENV replication, the nonstructural protein 3 (NS3) binds to
R. Soto-Acosta et al. / Virology 442 (2013) 132–147 133fatty acids synthetase and relocates it to the vesicles involved in RNA
replication (Heaton et al., 2010). This event and other changes in the
lipid proﬁle induced by DENV infection participate in remodeling of
rough endoplasmic reticulum (RER) required for viral replication
(Perera et al., 2012). Additionally, during DENV morphogenesis, it
has been described that C protein accumulates around lipid droplets
(LD) and that this association is crucial for infectious viral particle
formation (Samsa et al., 2009).
Additional to fatty acids, the requirement for cholesterol in
DENV replicative cycle has been documented for several cell types.
For example, it has been reported that lipid rafts, membrane
microdomains rich in cholesterol and sphingolipids, play an
important role in DENV entry in macrophages, either in the
absence or in the presence of facilitating antibodies (Puerta-
Guardo et al., 2010; Reyes-Del Valle et al., 2005). Interestingly,
several cellular molecules, described as DENV receptors, are
residents of lipid rafts or are relocated to them after DENV binding
(Cambi et al., 2004; García-García et al., 2007; Miller et al., 2008;2.5
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Fig. 1. Effect of distinct drugs on DENV entry and post-entry stages in Huh-7cells. The Hu
2 h before infection with DENV 4 or DENV 2 at a MOI of 3. At 24 hpi supernatants were
treated cells with Mβcd 3.6 mM also were analyzed for NS1 secretion by ELISA. (C) The
lovastatin 50 mM and pravastatin 200 mM for 24 h and then, virus yield and NS1 secretio
was determined extracting cellular RNA by Trizol (Invitrogen) and a Singleplex Real
mean7SEM of base ten logarithm of PFU/mL, the NS1 secretion was expressed as mea
mean7SEM of PFU eq/mL of three independent experiments. n¼po0.05.Philippova et al., 2008). In addition, cellular signaling triggered
during early stages of DENV infection in human macrophages,
which includes activation of MAPKs such as JNK, also require the
presence of intact lipid rafts and cholesterol (Ceballos-Olvera et al.,
2010). The cholesterol dependence of DENV entry and replication
was also observed in the mouse neuroblastoma cell line N18,
where cholesterol-depleting drugs such as methyl-β-cyclodextrin
inhibit DENV entry and post entry events (Lee et al., 2008). In
addition, treatment with inhibitors of cholesterol synthesis such as
lovastatin strongly inhibits viral assembly in the human endothe-
lial cell line HMEC, and moderately in Vero cells (Martínez-
Gutierrez et al., 2011). Finally, DENV replication was strongly
inhibited in A549 (lung carcinoma) and K562 (hematopoietic)
cells, by silencing or inhibiting the enzymes involved in the
cholesterol biosynthetic pathway (Rothwell et al., 2009). Recently,
the inhibitory effect of an intracellular cholesterol transport
inhibitor on DENV entry and replication in BHK-21 cells was
also reported (Poh et al., 2012). However, the involvement of*
*
4
2
*
*
h-7 cells were treated with Nystatin 20 mg/mL, Mβcd 3.6 mM and Filipin 7 mg/mL for
collected and virus yield was determined by plaque assay. (B) Supernatants of pre-
cells were infected with DENV 4 at MOI of 3 and at 1 hpi cells were treated with
n were quantiﬁed from supernatants by plaque assay and ELISA (D). Viral genome
-Time RT-PCR (TaqMan) Assay was conducted. The viral yield was expressed as
n of absorbance normalized respect to control, and viral genome was expressed as
R. Soto-Acosta et al. / Virology 442 (2013) 132–147134cholesterol in DENV entry and replication does not seem to be a
general event. For example, it has been described that in some cell
lines such as the insect cell line C6/36, or the vertebrate cell lines
Vero and BS-C-1, viral entry does not require cholesterol (Acosta
et al., 2008, 2009; Mosso et al., 2008). Additionally, for A549 cells,
where the importance of cholesterol in the viral replicative cycleM
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Fig. 2. Effect of DENV infection in Huh-7 cells on lipid rafts formation. Huh-7 cells infe
were ﬁxed at 1 (A), 6 (B) and 12 hpi, (C) and lipid rafts stained with cholera toxin
counterstained with DAPI (blue). The images are representatives of three independent
ﬁgure legend, the reader is referred to the web version of this article.)was documented, contradictory data exist (Acosta et al., 2009).
Similarly, while cholesterol is required for virus entry and post
entry steps in the endothelial cells HMEC, cholesterol does not
appear to be required for viral entry in the endothelial like cell line
ECV304 (Peng et al., 2009). Thus, the cholesterol dependence of
DENV replication appears to be cell type speciﬁc. In the presentMOCK VSV VSV
1 HPI
6 HPI
12 HPI
cted at different MOIs with DENV 4, UV-inactivated DENV 4, VSV or mock infected
coupled to Alexa 555 (red) and analyzed by confocal microscopy. Nuclei were
experiments run in duplicate. (For interpretation of the references to color in this
R. Soto-Acosta et al. / Virology 442 (2013) 132–147 135report, the importance of cholesterol and its regulation during
DENV infection in the hepatic cell line Huh-7, was evaluated.
Hepatocytes have been regarded as one of the target cells for
DENV infection in humans (Sung et al., 2012). Since these cells also
play a major role in cholesterol synthesis, to evaluate the choles-
terol importance of DENV infection in this cell type is pertinent. In
a previous report, using the hepatic cell line HepG2, found that
DENV entry occurs through clathrin-mediated endocytosis; how-
ever, nystatin treatment, which prevent lipid rafts formation,
does not inhibit viral entry, suggesting that DENV entry in those
cells is cholesterol-independent (Suksanpaisan et al., 2009). In
contrast, our results with Huh-7 cells indicate that cholesterol is
important during DENV entry and replication. Moreover, the
amount of total cholesterol and lipid rafts formation was found
to increase early after infection. This augment correlates with an
increase in the amount of low density lipoprotein receptor (LDLr)
on the surface of infected Huh-7 cells and also with a lower
phosphorylation level of the 3-hydroxy-3-methyl-glutaryl-CoA
reductase (HMGCR).Results
Effect of nystatin, ﬁlipin and Mβcd in DENV entry
Since the cholesterol dependence of DENV replication appears
to be cell type speciﬁc, the importance of cholesterol in DENV
entry in Huh-7 cells was determined. Thus, cells were incubated
with nystatin (20 μg/mL), Mβcd (3.6 mM) or ﬁlipin (7 μg/mL), forMOI
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Fig. 3. Lipid rafts ﬂuorescence intensity analysis. The graphics represent the lipid rafts
(C) hpi. Lipid rafts ﬂuorescence intensity was expressed as arbitrary units (A.U.) adjusti
mean7SEM of three independent experiments runs in duplicate. n¼po0.05.2 h before DENV 4 infection (Ikehara et al., 1986; Puerta-Guardo
et al., 2010; Rodal et al., 1999). The concentrations selected of each
compound inhibit lipid rafts formation without any effect in cell
viability (Fig. 1A and B. supplemental material). Treatment with
any of the three compounds reduced viral yield, as determined by
PFU/mL. Reductions of half a log were observed in cells treated
with nystatin and ﬁlipin, while one full log reduction was observed
for cells treated with Mβcd (Fig. 1A) Moreover, Mβcd reduced up to
75% the NS1 secretion (Fig. 1B), conﬁrming the role of lipid rafts
and cholesterol in DENV4 entry.
Since it has been described some differences in viral entry
between DENV serotypes (Acosta et al., 2009), the effect of
the lipid rafts disrupters compounds, in the infection by DENV
serotype 2 was evaluated. Then, Huh-7 cells were treated with
nystatin, ﬁlipin and Mβcd, and later infected with DENV2. As it was
observed in cells infected with DENV4, ﬁlipin and nystatin reduced
viral yield in less than a log while Mβcd inhibited viral yield in
more than one log (Fig. 1A) and reduced up to 70% the NS1
secretion (Fig. 1B). This result suggests that both DENV serotypes,
DENV2 and DENV4, in Huh-7 cells, require lipid rafts for viral
entry. Since the treatment with lipid rafts disruptors compounds
caused a similar effect in both serotypes, the next experiments
were conducted only with DENV 4.Effect of lovastatin and pravastatin in DENV infection
Given that treatments for long periods with nystatin, ﬁlipin or
Mβcd induce cell toxicity, the utility of these compounds in theMOI
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R. Soto-Acosta et al. / Virology 442 (2013) 132–147136evaluation of the role of cholesterol during viral replication, which
occurs during the ﬁrst 15 h of infection, is limited. Thus, the effect
of compounds such as lovastatin and pravastatin, which inhibit
cholesterol synthesis, and can be used for long periods, was
evaluated. DENV infected Huh-7 cells were treated at 1 hpi with
lovastatin (50 μM) and pravastatin (200 μM), for 24 h. The con-
centrations selected, induced a reduction in total cholesterol levels
(data not shown) without any effect in cell viability (Fig. 1C,
supplemental material). Treatment with either, pravastatin or
lovastatin, caused a reduction of half log in virus yield, measured
as PFU/mL and NS1 secretion after 24 h of treatment (Fig. 1C). To
evaluate the effect of statins treatment in DENV replication, the
amount of viral genome was determined by qRT-PCR assay as was
described by Johnson et al. (2005). Both statins reduced more than
half log the amount of viral RNA transcripts determined by
qRT-PCR assay and expressed as PFU eq/mL (Fig. 1D). These results
strongly suggest that cholesterol also plays a crucial role during
DENV post-entry stages in Huh-7 cells.Hours postinfection
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Fig. 4. Effect of DENV infection on total cholesterol levels in Huh-7 cells. Huh-7
cells (A) and Vero cells (B) infected with DENV 4, UV DENV 4, VSV at a MOI of 3 or
mock infected were lysed at the times indicated and total cholesterol level was
determined by a colorimetric assay. The results were expressed as normalized
mean7SEM of three independent experiments. n¼po0.05.DENV infection induces an increase in lipid rafts formation and total
cholesterol levels
Given the importance of cholesterol in DENV and other
ﬂaviviruses replicative cycle, the possibility that DENV infection
may modulate cholesterol and lipid rafts levels in Huh-7 infected
cells was investigated. To analyze this option, lipid rafts formation
and total cholesterol levels were monitored at various times pi
(1, 6 and 12 hpi.). Lipid rafts formation was evaluated using GM1
staining with cholera toxin coupled to ALEXA 555. At 1 hpi, an
increase up to 3 fold in cholera toxin binding was observed
(Figs. 2 and 3A) when active (DENV4) as well as UV inactivated
DENV (UV DENV4) were used at a MOI of 1 and up 4-fold increase
when a MOI of 10 was used. At 6 hpi, a reduction in ﬂuorescence
intensity of cholera toxin was detected in both, active and inactive
DENV infected cells compared with the effect observed at 1 hpi,
although ﬂuorescence levels were still 2 and 3 fold higher than
levels observed in mock infected cells (Figs. 2 and 3B). At 12 hpi,
the cholera toxin ﬂuorescence intensity in infected cells returned
to Mock infected levels (Figs. 2 and 3C). These results suggest that
lipid rafts formation was favored early after infection and that the
early increase in lipid rafts formation does not require infective
virus. Interestingly, the observed increase in lipid rafts formation
appears to be MOI-dependent, since the higher increases were
observed at the highest MOI (Figs. 2 and 3A and B).
To evaluate if the increase in lipid rafts formation was speciﬁc
for DENV infection, Huh-7 cells were infected at MOI of 0.1, 1 and
10 with vesicular stomatitis virus (VSV), however, no effect on rafts
formation was observed (Figs. 2 and 3). This result suggests that
the increase in lipid rafts formation is speciﬁcally activated by
DENV. Finally, to determine if the increase in lipid rafts formation
was speciﬁc for Huh-7 cells, Vero cells were infected with DENV at
MOIs of 0.1, 1 and 10. No increase in lipid rafts formation was
observed in infected Vero cells at 1 hpi, suggesting that this effect
may be speciﬁc for Huh-7 cells (Fig. 2. supplemental material).
To determine if the increase in the GM1 staining observed after
DENV infection correlates with an increase in cholesterol levels,
the quantiﬁcation of total cholesterol levels in Huh-7 cells infected
at a MOI of 3 was performed by a colorimetric assay. An increase in
total cholesterol levels of 15% and 20% was observed at 1 and 6 hpi,
respectively, in cells infected with active DENV (Fig. 4A). However,
in the presence of UV-inactivated DENV particles an increase in
total cholesterol levels was observed only at 1 hpi at same levels of
active DENV (Fig. 4A), suggesting that viral binding or entry trigger
cholesterol accumulation, but post-viral entry steps are required to
maintain this increase.To determine that the increase in cholesterol levels, observed in
Huh-7 cells infected with DENV, is triggered by an intracellular
mechanism and it is not the consequence of the cholesterol
present on the viral particle, Vero cells were infected at the same
MOI that we used in Huh-7 cells (3) and total cholesterol levels
were determined at 1, 6, 12 and 18 hpi (Fig. 4B). No increase in
cholesterol was observed in infected cells, suggesting that the
increase in cholesterol levels in Huh-7 cells is the consequence of
an intracellular mechanism triggered by DENV in Huh-7 cells but
not in Vero cells.
To conﬁrm the increase in the cholesterol levels observed by
the colorimetric assay and to determine if the augment is MOI-
dependent, Huh-7 cells were infected at MOI of 0.1, 1 and 10, and
total cholesterol was visualized at 1, 6 and 12 hpi with ﬁlipin III
complex (a molecule able to form speciﬁc ﬂuorescent complexes
with cholesterol). Cells were analyzed by ﬂow cytometry (Fig. 5)
and confocal microscopy (Fig. 6). The results obtained with both
methods conﬁrmed our previous observations. DENV infection
induces an increase in ﬁlipin staining in a MOI dependent manner.
In addition, it was observed that while both DENV4 and UV DENV4
were able to induce an increase in ﬁlipin staining at 1 hpi
(Figs. 5 and 6A), only active virus was able to sustain an increase
in ﬁlipin staining up to 6 hpi when used at a MOI of 1 (Figs. 5 and 6B).
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Fig. 5. Total cholesterol levels in DENV infected Huh-7 cells determined by ﬂow cytometry. Huh-7 cells infected with DENV 4, UV DENV 4, VSV or mock infected at MOI 0.1,
1 and 10 were ﬁxed at 1 (A), 6 (B) and 12 (C) hpi. Total cellular cholesterol was stained with ﬁlipin III complex (75 mg/mL) and quantiﬁed by ﬂow cytometry. Results were
expressed as mean ﬂuorescence intensity normalized with mock infected cells of three independent experiments run in duplicate. n¼po0.05.
R. Soto-Acosta et al. / Virology 442 (2013) 132–147 137As previously observed, ﬂuorescence intensity of ﬁlipin in infected
cells returned to mock levels by 12 hpi, except for cells infected with a
high MOI (10) (Figs. 5 and 6C). Again, these results suggest that the
increase in cholesterol observed at 1 hpi is triggered by the virus-cell
interaction, but viral replication is required for the augment observed
at 6 hpi. Infection with VSV did not induce an increase in ﬁlipin
staining, conﬁrming that this effect is speciﬁc for DENV infection
(Figs. 5 and 6).Effect of DENV infection on LDLr levels
The augment in cellular cholesterol content can be achieved by
two mechanisms: an increase in cholesterol uptake and/or an
increase in cholesterol synthesis. The uptake mechanism is mainly
facilitated by an increase in the capture of LDL particles by the
LDL receptor (LDLr) (Go and Mani, 2012). Since it has been
described that LDLr transcription is not altered after DENV
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Fig. 6. Total cholesterol levels in DENV infected. Huh-7 cells determined by confocal microscopy. Huh-7 cells infected at MOI of 0.1, 1 and 10 with DENV4, UV DENV4, VSV or
mock infected were ﬁxed at 1 (A), 6 (B) and 12 hpi (C). Total cholesterol was stained with ﬁlipin (50 μg/mL) (yellow) and analyzed by confocal microscopy. Nuclei were
counterstained with propidium iodide (red). The images are representatives of three independent experiments run in duplicate. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
R. Soto-Acosta et al. / Virology 442 (2013) 132–147138infection (Rothwell et al., 2009), we evaluate if an increase in the
LDLr at protein levels could be observed in infected cells. Thus, the
amount of the glycosylated and non-glycosylated form of the LDLr
was quantiﬁed in DENV (MOI¼3), UV DENV 4, VSV and MOCK
infected cells by Western-blot. The anti-LDLr antibody used is able
to detect both the glycosylated and the non-glycosylated forms ofthe receptor. The LDLr contains multiple N-linked glycosylation
sites and also possess O-linked sugar domains that serve as
an attachment domain for numerous O-linked carbohydrates
(Christen et al., 2007) Several studies have indicated that both
O- and N-glycans attached to the extracellular domains of several
membrane proteins are important for membrane location of the
R. Soto-Acosta et al. / Virology 442 (2013) 132–147 139protein (Delacour and Jacob, 2006; Vagin et al., 2009). Since the
non-glycosilated and the glycosylated forms of LDLr remain con-
stant in all infection conditions and a different times post-
infection by Western-blot assay (Fig. 7), we decided to directly
evaluate the amount of LDLr protein on the cell surface by confocal
microscopy. A 2 fold increase in LDLr, measured as ﬂuorescence
intensity, was observed on the cell surface of DENV infected cells130 kDa
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12 (C) and assayed by Western-blot for glycosylated and unglycosylated forms of the LD
three independent experiments determined by densitometric analysis.at 1 and at 6 hpi but not at 12 hpi (Fig. 8A and D). Unexpectedly,
the UV-inactivated DENV did not increase LDLr levels on the cell
surface at any hpi, suggesting that a post viral binding and entry
step is triggering the augment in the presence of LDLr on the cell
surface. It was interesting to notice that the LDLr showed a dotted
distribution on the cell surface of mock infected cells (Fig. 8B),
while a patchy distribution was observed in DENV infected cells,Unglycosylated
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Fig. 8. Effect of DENV infection in the amount of LDLr expressed on the surface of Huh-7 cells. (A) Non-permeabilized Huh-7 cells were infected with DENV, UV DENV, VSV or
mock infected at MOI 3, ﬁxed at the times indicated and stained with an antibody against LDLr followed by an anti-rabbit antibody conjugated with CY3 (green) as secondary
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R. Soto-Acosta et al. / Virology 442 (2013) 132–147140(Fig. 8C). The infection with VSV did not cause any effect in the
abundance of LDLr on the surface of Huh-7 cells (Fig. 8A and D).
Next, the increase in LDLr observed on the cell surface of infected
cells will translate in an augmented cholesterol uptake was deter-
mined. For that purpose, DENV, UV DENV or mock infected cells
were incubated with DIL labeled LDL particles at different times post
infection and the amount of LDL particles internalized was visualized
in green by confocal microscopy. A marked increase of the DIL
labeled LDL particles uptake was observed in DENV infected cells at
1 hpi, and in a lower degree, at 6 hpi, while at 12 hpi, the levels of DILlabeled LDL particles taken by infected and mock infected cells were
similar (Fig. 9). The DIL labeled LDL particles capture assay suggests
that the increase in the level of LDLr on the surface of infected cells
actually results in an increase in the ability of the cell to uptake LDL
particles. The levels of LDL particles captured by cells infected with
UV-inactivated DENV and mock infected cells were similar, conﬁrm-
ing our previous observation where no changes in LDLr levels on the
cell surface were detected with UV DENV (Fig. 9). Similarly, infection
with VSV of Huh-7 cells did not cause any effect in the DIL labeled
LDL particles uptake (data not shown).
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Fig. 9. Effect of DENV infection in the LDL particles uptake in Huh-7 cells. (A) Huh-7 cells were infected with DENV, UV DENV at a MOI of 3 or mock infected and incubated
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The second mechanism used for the cell to increase the
cholesterol content is increasing the expression or the activity
of the enzymes involved in cholesterol synthesis, mainly the
HMGCoA reductase, which is a rate-limiting enzyme. Since the
expression level of HMGCoA reductase enzyme was evaluated in
DENV infected cells (Peña and Harris, 2012) and found to
be unaltered, we decided to determine if rather the enzymatic
activity was altered during viral infection. One of the mechanisms
that modulate the HMGCoA enzymatic activity is the phosphoryla-
tion level of the protein. It is well established that thephosphorylated form of the enzyme is less active than the depho-
sphorylated form (Friesen and Rodwell, 2004; Omkumar et al.,
1994). Thus, the levels of the phosphorylated versus non-
phosphorylated forms of the protein were determined by
Western-blot assay by the use of anti-total HMGCoA reductase
and anti-phospho HMGCoA reductase speciﬁc antibodies (Fig. 10).
Quantiﬁcation of both forms of the enzyme allow us to observed
that at 1 hpi with DENV and UV-inactivated DENV particles, the
level of the phosphorylated form of the HMGCoA reductase was
reduced by more than 70% compared to mock infected cells,
suggesting that viral binding and/or entry triggered a reduction in
the phosphorylation levels of the enzyme (Fig. 10B). The
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Fig. 10. Effect of DENV infection in the phosphorylation levels of the HMGCR in Huh-7 cells. The cells were infected with DENV, UV DENV, VSV at MOI of 3 or mock infected,
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UV-inactivated DENV infected cells was restored to mock level at
6 hpi (Fig. 10C). Interestingly, the phosphorylation level in DENV
infected cells but not in the UV-inactivated DENV infected cells was
reduced again at 9, 12 and 18 hpi, suggesting that a post-DENV4entry step induces a new reduction in the phosphorylation level of
the enzyme at later times (Fig. 10D–F). These results suggest that
the HMG-CoA reductase enzyme activity is modulated during
dengue virus infection and may participate in the increase in
cholesterol levels observed in infected cells.
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The identiﬁcation of cellular components that participate in the
viral replicative cycle is crucial for understanding of viral patho-
genesis. One of these components is cholesterol. Although it has
been described that cholesterol is essential for virus entry and post
entry events in macrophages and mononuclear cells, as well as
K562, HMEC, N18, A549 and BHK-21 cell lines (Lee et al., 2008;
Martínez-Gutierrez et al., 2011; Puerta-Guardo et al., 2010; Reyes-
Del Valle et al., 2005; Rothwell et al., 2009); it has also been
described as a not necessary component for the viral replicative
cycle in other cell types such as Vero, C6/36, HeLa, ECV304 and
BSC-1 cells (Acosta et al., 2008, 2009; Mosso et al., 2008; Peng
et al., 2009). Thus, cholesterol dependence of DENV replication
appears to be cell type speciﬁc.
The liver is an organ targeted during DENV replication. In order
to evaluate if cholesterol was required during DENV entry in Huh-
7 cells, 3 lipid rafts disruptors compounds: Mβcd, nystatin and
ﬁlipin were used. Pre-treatment of Huh-7 cells with any of them
induced a reduction in viral yield, suggesting that viral entry is
cholesterol-dependent, and speciﬁcally, dependent of the integrity
of lipid rafts. It is important to notice that although the three
compounds, Mβcd, nystatin and ﬁlipin disrupt lipid rafts, Mβcd
treatment caused the higher effect in lipid rafts disruption (Fig. 1B,
supplemental material) and was the only drug that reduces the
intracellular cholesterol levels (data not shown) correlating with
the effect observed in DENV entry. These differences among the
compounds can be explained by differences in the mechanism
of drug action, because while Mβcd sequesters the membrane
cholesterol and removes it from the cell (Hotta et al., 2009;
Mahammad and Parmryd, 2008), nystatin and ﬁlipin only bind
to cellular cholesterol forming complexes and avoiding lipid rafts
formation (Mukherjee et al., 1998; Opekarova and Tanner, 1994;
Silva et al., 2006). Since Mβcd inhibits rafts formation and reduces
total cholesterol it induced a stronger inhibition in viral entry than
nystatin and ﬁlipin. The observed effect of cholesterol removal in
DENV entry in Huh-7 cells is consistent with data reported
in other cell lines (Lee et al., 2008; Puerta-Guardo et al., 2010;
Reyes-Del Valle et al., 2005) but contrast with result obtained in
others (Acosta et al., 2009; Peng et al., 2009). Moreover, this result
contrasts with the cholesterol independent entry pathway
reported for DENV in HepG2 cells (Suksanpaisan et al., 2009).
Although it has been described different entry pathways in
different DENV serotypes (Acosta et al., 2009), our results support
the notion that lipid rafts integrity and cholesterol are required
during DENV2 and DENV4 internalization in the hepatic Huh-7
cells and for some DENV serotypes in some cell types, such as
monocytes/macrophages, K562, HMEC, N18, HMEC, but not in
others (Lee et al., 2008; Martínez-Gutierrez et al., 2011; Puerta-
Guardo et al., 2010; Reyes-Del Valle et al., 2005). In those cells
which require lipid rafts, these membrane microdomains may act
as gateways for viral entry or alternatively, they may act by
recruiting cellular component required for viral entry and/or
internalization. Of note, all DENV receptors identiﬁed so far are
either residents of lipid rafts or are recruited into these structures
at the time of infection (Lee et al., 2008). Thus, further studies are
required to fully understand the differences in cholesterol require-
ment reported for different cell lines.
Additionally, the role of cholesterol and lipid rafts in viral
replication was evaluated using drugs that allowed to be used
for long periods. We selected lovastatin and pravastatin, which are
competitive inhibitors of the HMG-CoA reductase, a rate-limiting
enzyme in cholesterol synthesis. Treatment of Huh-7 cells with
lovastatin and pravastatin caused a reduction in viral yield, NS1
secretion and viral genome, suggesting that cholesterol also plays
a central role in the viral replication process and that reducingcholesterol synthesis results in inhibition of viral particle produc-
tion. The inhibition of DENV replication by lovastatin is consistent
with the ﬁndings reported by Rothwell et al. (2009) and by Lee
et al. (2008), with peripheral blood mononuclear cells and N18
cells. One likely explanation for the results obtained with these
two compounds is that cholesterol and fatty acids are important
components of the replicative complexes recruited or synthesized
de novo during DENV replication. In support, Heaton et al. (2010)
demonstrated that the DENV NS3 protein recruits the fatty acid
synthetase to the replication complexes located in the RER,
increasing its activity. The authors comment that the synthesis
of new membranes to form replicative complexes will require not
only of fatty acids but also cholesterol. Thus, the inhibition in
cholesterol synthesis may affect the formation of replicative
complexes reducing viral yield as observed in this study. It has
been also described that the inhibition of several enzymes
involved in the cholesterol synthesis inhibits viral replication in
monocytic cells (Rothwell et al., 2009). In addition, it has been
observed that the infection with other members of the Flaviviridae
family such as HCV, promotes the formation of membranous
networks derived from the RER where the virus replicates, and
that HCV replication is affected by lovastatin suggesting that
cholesterol play a role during the HCV replicative process (Lyn
et al., 2009; Uchil and Satchidanandam, 2003).
DENV infection induces an increase in lipid rafts formation and
cellular cholesterol content
Given the pharmacological data indicating that cholesterol
plays a central role at various stages of the DENV replicative cycle,
it can be expected that viral infection will modulate total choles-
terol levels. An increase in lipid rafts formation and total choles-
terol levels were observed after DENV infection, as soon as 1 hpi
and maintained until 6 hpi. These results suggest that viral binding
and/or entry trigger this increase at early times after infection.
In agreement, UV-inactivated viral particles only induced the
increase of cellular cholesterol at 1 hpi, but not at 6 hpi, suggesting
that viral replication is required to sustain the increase at later
times after infection. As observed by others (Rothwell et al., 2009),
we did not detect changes in cholesterol levels at 24 or 48 hpi (data
not shown). Thus, modulation in cholesterol levels in infected cells
appears to constitute an early event, which is triggered by viral
entry but requires viral replication for the complete stimulation
process. Additionally, three important observations were made.
First, the increase in cholesterol and lipid rafts correlates with the
multiplicity of infection; second, the process is speciﬁc for DENV;
and third, the increase in lipid rafts is a cell speciﬁc mechanism. All
these observations indicate that the signaling pathways triggered
by DENV differ depending on the cell type and cause different
effects in the host cells.
Augment in low density particles uptake through LDLr is a
mode by which cells respond to increased demand in cholesterol
levels (Daniels et al., 2009; Soccio and Breslow, 2004). We detect
an increase in the LDLr levels on the plasma membrane of infected
cells at 1 and 6 hpi by confocal microscopy. Moreover, this increase
in the LDLr is functional, as indicated by an increase in the uptake
of Dil labeled LDL particles in infected cells. Interestingly,
UV-inactivated viral particles were unable to induce an increase
in the LDLr levels suggesting that a post-entry event (before 1 hpi),
is the inductor of the receptor mobilization to the cell surface.
Increased levels of LDLr on the cell surface may respond to an
increase in the LDLr recycling process. The LDLr has ﬁve function-
ally distinct regions: an N terminal ligand-binding region, an
epidermal growth factor (EGF)-precursor homology region, a
region containing O-linked sugars, a transmembrane domain and
a C-terminal cytosolic domain (Gent and Braakman, 2004). This
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convertase subtilin/kexin type 9 (PCSK9), which acts to reroute the
LDLr to lysosomal degradation inhibiting the receptor recycling to
cell surface (Mousavi et al., 2009; Zhang et al., 2007). Then,
analysis of PCSK9 activity and LDLr recycling process at early
stages of DENV infection could help to understand the increase of
LDL particles uptake observed in infected cells. Additionally, a new
post-transcriptional pathway, via ubiquitination of the receptor by
the E3-ubiquitin ligase inducible degrader of the LDLr, for control-
ling LDLr abundance and LDL uptake, has been described
(Sorrentino and Zelcer, 2012). Thus, further studies and the
blockage of the proteasome activity could also be useful to
understand recycling and LDL uptake in DENV infected cells.
An increase in the amount of the enzymes involved in cholesterol
synthesis or an increase in their enzymatic activity is a second manner
to promote an increase in total cellular cholesterol. It has been
reported that the amount of the rate-limiting enzyme HMGCoA
reductase or its mRNA are not altered during DENV infection (Peña
and Harris, 2012; Rothwell et al., 2009). Thus, the activity of the
enzyme was evaluated. It is well established that the HMGCoA
reductase activity depends of the phosphorylation level of the enzyme.
If the enzyme is phosphorylated at serine 872, a conserved residue in
the active site, its activity is lower than when it is dephosphorylated
(Burg and Espenshade, 2011; Min et al., 2012; Omkumar et al., 1994;
Subbaiah et al., 2008). During DENV infection, a reduction in phos-
phorylation levels of the enzyme was observed at 1 hpi in cells
infected with DENV 4 and UV-inactivated viral particles. This result
suggests that a viral entry step is triggering the reduction in the
phosphorylated form of the enzyme and this process occurs between
30 to 60 min pi. Reduction in the phosphorylated form of the enzyme
is caused by twomechanisms: (1) an inhibitor effect on AMP-activated
protein kinase (AMPK) or (2) an up-regulation of protein phosphatase-
2A (PP2A) promoted by DENV. AMPK is the main kinase involved in
HMGCR regulation. This molecule is a heterotrimer consisting of a
catalytic α-subunit together with two regulatory subunits, β and γ.
AMPK is activated by phosphorylation at a speciﬁc threonine residue
on the α subunit (Thr172) through upstream kinases (Towler and
Hardie, 2007). It has been reported that AMPK activity is reduced by
AKT or protein kinase B (PKB), a serine/threonine kinase involved
in cell signaling downstream of growth factors, cytokines and other
cellular stimuli. This kinase is able to phosphorylate at ser485/ser491
of AMPK α2-subunits reducing the Thr172 phosphorylation by
upstream kinases, inducing a reduction of AMPK activity (Horman
et al., 2006; Kovacic et al., 2003), several members of the Flaviviridae
family as DENV 2 and Japanese encephalitis virus (JEV) activate
phosphatidylinositol 3-kinase signaling (Lee et al., 2005). Speciﬁcally,
it has been documented that JEV entry triggers the activation of PI3K/
AKT signaling pathway and this activation is lipid rafts mediated,
which act as signaling platform that results in activation of this via
(Das et al., 2010; Zhu et al., 2012). Then, it is possible that DENV entry
activates the PI3K/AKT pathway, causing a reduction in the phosphor-
ylation levels of HMGCoA reductase. In addition, we observed a
decreased HMGCoA reductase phosphorylation at 9, 12, and 18 hpi,
but only in cells infected with active DENV, suggesting that events post
entry are also able to induce a reduction in the phosphorylation of
HMGCoA reductase. Late activation of the HMGCoA reductase may
respond to an up-regulation of the protein phosphatase-2A (PP2A) in
response to DENV infection. PP2A is the main serine/threonine
phosphatase that promotes HMGCoA reductase dephosphorylation
increasing its enzymatic activity (Ching et al., 1997; Friesen and
Rodwell, 2004). It has been described that this enzyme is up-
regulated for other ﬂavivirus such as HCV (Bernsmeier et al., 2008;
Christen et al., 2007), thus, this phosphatase could also be stimulated
by DENV infection.
Further studies, including measurement of the HMG-CoA reduc-
tase activity and the activation of the pathways described above arecurrently been analyzed in our laboratory to understand the
regulation of cholesterol synthesis during DENV infection.
In summary, these results suggest that DENV infection in Huh-7
cells requires cholesterol and lipid rafts for viral entry and
replication. DENV infection results in an increase in lipid rafts
formation and in total cholesterol through two different mechan-
isms, by an increase in cholesterol uptake through an increase in
the LDLr levels on the cell surface and by an increasing cholesterol
synthesis through a reduction in the phosphorylation levels of the
HMGCoA reductase. Interestingly, this second mechanism is the
only one triggered in the presence of UV-inactivated DENV
particles, suggesting that different steps during the viral replica-
tive cycle trigger the two mechanisms described. Moreover, given
the importance of cholesterol during DENV infection, it will be
interesting to test if the pharmacological modulation of the
cholesterol levels in dengue patients could improve disease
outcome.Material and methods
Cell culture and viral strain
Huh-7 cells, a differentiated hepatocyte derived cellular carci-
noma cell line, (a gift from Dr. Ana Maria Rivas, Autonomous
University of Nuevo León), were grown in advanced DMEM
supplemented with 2 mM glutamine, penicillin (5104 U/mL)-
streptomycin (50 μg/ml), 5% fetal calf serum (FCS), 1 mL/L of
amphotericin B (Fungizone) at 37 1C and a 5% CO2 atmosphere.
Propagation of DENV serotype 4H241 strain and DENV serotype
2 New guinea strain was carried out in CD1 suckling mice brains
and titers were determined by plaque assays in BHK-21 cells as
was previously described (Mosso et al., 2008). CD1 suckling mice
brains from mock infected mice were used as control. Propagation
of Vesicular stomatitis virus (VSV) was carried out in Madin Darvin
Canine Kidney cells (MDCK) by 24 h of infection. Cell lysates
clariﬁed by low speed centrifugation were used as VSV seed.
For DENV UV light inactivation, viral preparations with a titer of
1108 PFU/mL were placed in ice and irradiated with a UV lamp
(Ultra lum UVC-28) for 1.5 h. The irradiated preparations were
titrated by plaque assay to conﬁrm inactivation.
Pharmacological inhibition of DENV infection
For viral entry inhibition assays, cells were pre-treated for 2 h
with lipid rafts disrupters nystatin 20 mg/mL, Mβcd 3.6 mM and
ﬁlipin 7 mg/mL (SIGMA). Cell viability and lipid rafts disruption was
monitored at several drugs concentrations (Fig. 1A and B. Supple-
mental material). After drug treatment, cells were extensively
washed with PBS 1X (5 times) and serum free medium (3 times)
to avoid virucidal effect of the Mβcd (Acosta et al., 2009) and later
infected with DENV4 or DENV2 (MOI¼3) for 1 h at 37 1C, washed
with acid glycine (pH 3) to inactivate non-internalized virus,
washed 3 times with PBS and after addition of advanced DMEM
supplemented with serum, the infection was permitted for 24 h at
37 1C. For some experiments MOI of 0.1, 1.0 and 10 were used. To
determine the effect of cholesterol depletion in viral infection, the
Huh-7 cells were infected as was previously described and treated
with 50 mM lovastatin and 200 mM pravastatin (SIGMA) at 1 hpi.
Cell viability (Fig. 1C. supplemental material) and cholesterol
depletion (data not shown), was determined at different concen-
trations of each one of the statins. Cells were incubated in DMEM
medium supplemented with serum for 24 h a 37 1C and 5% CO2.
Later, supernatants were collected and viral yield and NS1 secre-
tion was determined by plaque assay (Mosso et al., 2008) and
ELISA (Bio-Rad Platelia) (Ludert et al., 2008). To determine viral
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PCR was conducted using a TaqMan CFX96 system assay (Bio-Rad
Laboratories). The amount of viral RNA transcripts was calculated
by generating a standard curve from 10-fold dilutions of RNA
isolated from a DENV-4 preparation titrated in BHK-21 cells and
expressed as plaque forming units equivalents per milliliter (PFU
equivalents/mL). (Callahan et al., 2001; Johnson et al., 2005)
Immunoﬂuorescence microscopy of lipid rafts, cellular cholesterol and
cell surface LDLr levels
Binding of the β subunit of cholera toxin to glycosphingolipid
GM1, located on lipid rafts of the plasma membrane, was used to
detect lipid rafts. Huh-7 cells grown on cover slips placed in
24-well plates were mock infected or DENV, UV DENV and VSV
infected for 1, 6 or 12 h, washed 3 times with PBS, ﬁxed with 1%
paraformaldehyde (PFA) for 30 min at room temperature (RT),
blocked with blocking buffer (PBS, 10% FCS, 3% BSA, and 10 mM
glycine) overnight and stained for 1 h at 37 1C with β subunit of
cholera toxin coupled to a ﬂuorochrome (Vybrants Alexa Fluors
555 Lipid Raft Labeling Kit). The cells were then washed eight
times with PBS 50 mM NH4Cl for 5 min and once with PBS. Finally,
slides were mounted on coverslips with 4 μL of Vectashields with
DAPI (4′,6′-diamidino-2-phenylindole) to stain the nuclei (Vector
Laboratories, Inc., Burlingame, USA). The images were acquired in
a Leica LSM-SPC-5 Mo inverted confocal microscope, ﬁtted with
HCXPLapo lambda blue 631.4 oil immersion lens and images
were processed using the LAS AF software confocal (Leica). Lipid
rafts ﬂuorescence intensity was calculated adjusting the cholera
toxin ﬂuorescence (analyzed by Suite Lite Advanced Fluorescence
software) with DAPI ﬂuorescence corresponding to nuclei ﬂuores-
cence. Results were expressed as arbitrary units (A.U.). To validate
the lipid rafts disruption promoted for nystatin, MβCD and ﬁlipin
Huh-7 cells were grown in cover slips and treated as described in
pharmacological inhibition section. After 2 h of treatment the cells
were prepared for immunoﬂuorescence microscopy of lipid rafts.
For cholesterol staining, the cells were infected, ﬁxed, and
blocked as was described above, then, cells were incubated with
ﬁlipin III complex (SIGMA) 50 mg/mL for 1 h at RT. Slides were
washed and mounted as previously described. To determine the
membrane surface LDLr levels, the cells were mock infected or
DENV, UV DENV, VSV infected at MOI of 3, ﬁxed, blocked and
stained with rabbit anti-LDLR antibody (Abcam ab30532) diluted
1:200 in diluent buffer and anti-rabbit IgG, Cy3-Linked (Amer-
sham) diluted 1:200 in the same buffer for 1 h at 37 1C. The surface
LDLr ﬂuorescence intensity was calculated as described for the
calculation of lipid rafts ﬂuorescence intensity.
LDL particles uptake assay
The Huh-7 cells were grown and infected as described before At
1, 6 and 12 hpi, the cells were washed 3 times with cold PBS and
incubated for 30 min at 4 1C with 3 mg/mL of Low Density Lipopro-
tein from Human Plasma, DiI complex (DiI LDL) (Molecular probes)
diluted in buffer A (DMEM medium without phenol added with
Hepes 10 mM). Then, the cells were washed three times with cold
PBS, blocked with buffer B (Hanks medium added with 2 mg/mL
bovine serum albumin) for 15 min at 4 1C and ﬁxed with PFA 1%.
Actin was stained with alexaﬂuor 647 phalloidin (Invitrogen)
diluted 1:20 in diluent buffer for 1 h at 37 1C. The slides were
mounted as described above.
Determination of total cholesterol
Huh-7 cells and Vero cells grown in 6 well plates were infected
as described above. Then, cells were washed 3 times with PBS andlysed with 250 μL of lysis buffer RSB-NP40 (1.5 mM MgCl2, Tris–
HCl pH 7.5 10 mM, 10 mM NaCl, 1% IGEPAL) at 1, 6, 12 and 18 hpi.
50 μL of the lysate plus 50 μL of solution cholesterol oxidase–
peroxidase (Biosystems) were placed in a 96 well-plate. Reactions
were permitted for 10–15 min at 37 1C and the absorbance at
490 nm was measured in ELx808 BioTek.
Cellular cholesterol determined by ﬂow cytometer assay
Huh-7 cells grown in 6 well plates were infected as described
for ﬂuorescence microscopy assays, harvested and ﬁxed with 1%
PFA, blocked and staining with ﬁlipin III complex (75 mg/mL). The
stained cells were resuspended in PBS and ﬁlipin ﬂuorescence was
detected in violet-1 in the Cyan ADP (Beckman Coulter) and
analyzed by FlowJo 7.6.5 software. Twenty thousand events were
counted per sample and results were expressed as mean ﬂuores-
cence intensity normalized with mock infected cells.
Western blot analysis
To analyze the protein level of the LDLr, Huh-7 cells grown in
p100 plates, were mock infected or DENV, UV DENV and VSV
infected at MOI 3 and lysed with the lysis buffer described for total
cholesterol determination, containing protease inhibitors. The
lysate was clariﬁed by centrifugation (10,000 RPM) and 50 mg of
protein were assayed by SDS-PAGE and immunoblotting using
Rabbit polyclonal antibody directed to LDLr (ABCAM 30532)
diluted 1:1000. Densitometry of bands corresponding to the LDLr
was performed in ImageJ software (National Institutes of Health)
and adjusted with its load control (β actin) densitometry; the
adjusted densitometry of each condition was normalized with
mock infected condition and expressed as fold change. To study
the phosphorylation levels of HMGCR the infected cells were lysed
with a buffer containing: 50 mM Tris–HCl, pH 7.4; 1% NP-40; 0.25%
sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF;
1 μg/mL each aprotinin, leupeptin, pepstatin; 1 mM Na3VO4;
1 mM NaF. Then, 50 mg of protein were assayed by Western-blot
using the antibodies directed against the HMGCR (US Biological
H6201-01B, dilution 1:250) and the p-HGMGCR (Millipore 09-356,
dilution 1:1000). Densitometry of HMGCR corresponding bands
was performed as describe with LDLr. Then, densitometry of
p-HMGCR corresponding bands was adjusted with HMGCR value
for each condition and normalized with mock infected condition
and expressed as fold change.
Statistical analysis
Differences between the diverse treatments and control groups
were evaluated using the statistical program Sigma-Plot 11. In all
cases, the normality of the data using the Shapiro–Wilk test and
parametric or nonparametric tests as applied was examined. If
the data passed the normality test, a one tail analysis of variance
(ANOVA), followed by a multiple comparison test Holm-Sidak was
performed. For data that failed the normality test, a Kruskal–Wallis
test was applied followed by Dunnett multiple comparisons. In
some cases, also a t test or Mann–Whitney was conducted. For all
tests used a p≤0.05 was considered statistically signiﬁcant.Acknowledgments
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